This paper presents the reliability evaluation of a microgrid system considering the intermittency effect of renewable energy sources such as wind in this study. One of the main objectives of constructing a microgrid system is to ensure reliable power supply to loads in the microgrid. In order to achieve this objective, it is essential to evaluate the reliability of power generation of the microgrid under various uncertainties. Because highly variable wind resources and different operating modes of the microgrid are the major factors to influence the generating capacity of the microgrid in this study. Reliability models of various sub-systems of a 3-MW wind generation system are developed. The sub-systems include wind turbine rotor, gearbox, generator, and interfacing power electronics system. The impact of stochastically varying wind speed to generate power by the wind turbine system is accounted in developing sub-systems reliability model. A Microgrid System Reliability (MSR) model is then developed by integrating the reliability models of wind turbine systems with hydro and storage units in the study microgrid system using the system reliability concept. A Monte Carlo simulation technique is utilized to implement the developed reliability models of wind generation and microgrid systems in Matlab environment. The investigation reveals that maximizing the use of wind generation systems and storage units increases the reliability of power generation of the proposed microgrid system in different operating modes.
Introduction
Electricity market de-regulation, environmental concern, technology advancement and reduce dependency on fossil fuel are the main causes to integrate DG units into the distribution power network. Generally, DGs have diverse generation capacity, availability and primary energy sources. The increasing demand of adding and utilizing such diverse DGs into the distribution power system brought the concept of microgrid. Microgrid is a flexible combination of loads, DG units, storage systems (either centrally or with each generation individually), and associated power conditioning units operating as a single controllable system that provides power or both power and heat to loads [1] . Fig. 1 shows the generic architecture of a microgrid system.
One of the main objectives of having a microgrid system is to supply reliable power to loads in a microgrid domain. The achievement of such objective becomes critical when a microgrid system consists of renewable energy sources such as wind and/or solar. In the proposed microgrid system, stochastically varying wind causes unpredictable power output of the wind turbine system. In addition, such variations in wind speed propagates through all the sub-systems in the wind generation system. Therefore, sub-systems such as gearbox, generator and power electronics interfacing unit in a wind generation system are also the key factors for generating reliable power by the proposed microgrid system. Thus, it is important to develop the reliability model of the wind generation system including the models of all the sub-systems. In addition, consideration of various operation modes of the microgrid system is important to develop microgrid system reliability model in order to ensure reliable power generation in those operating modes. Several researchers address the issues on microgrid architectures and their control systems development [1] - [13] . The operation, control, and performance characteristics of these microgrids are different because of the contribution of different diverse nature and sizes of distributed generations in the microgrid. Such distributed generations are fixed or variable speed wind turbines, solar panels, microturbines, various types of fuel cells, small hydro and storage depending upon the sites and resources available. Different control strategies such as load-frequency control, power sharing among parallel converters, central control based on load curve, active power control are developed for the microgrids presented in [1] - [13] . Reliability study of a microgrid system is presented in [14] , where the concentration is given in power quality aspect based on the assumption that the microgrid system is a large virtual generator that has the ability to generate sufficient power for loads at various operating conditions. Reliability based co-ordination between wind and hydro system is investigated, which shows the adequacy benefits due to the coordination between them when an appropriate number of hydro units are engaged to follow the wind speed changes based on the wind power penetration [15] . Reliability and cost assessment of a solar-wind-fuel cell based microgrid system is investigated in [16] . A recent review study on reliability and economic evaluation of power system is presented in [17] . It is suggested that the reliability and economic evaluation of power systems with renewable energy sources needs to perform simultaneously. In [18] , a new indicator for measuring reliability of a solar-wind microgrid system is presented. Reliability evaluation of distribution system that consists of wind-storagephotovoltaic system is presented in [19] . It shows the enhancement in reliability of the conventional distribution system using the renewable energy sources. In compare to microgrid architectures and control research, the investigation of reliability evaluation of micro-grid systems is few. Therefore, much attention is required to the reliability evaluation of a wind-hydro-storage based microgrid as it has significant potential in many places around the world.
Several researchers have studied reliability assessment of wind turbine generator in power system application [20] - [26] . The application of two-state and multi-state model for wind turbine systems are investigated in [20] - [22] . However, the stochastic variation and interactions of wind speed and thus time dependent wind power effects are avoided [27] . A Monte Carlo simulation based method is then used to evaluate wind generation system reliability in [15] , [23] - [26] . All these past studies evaluate reliability of wind turbine system by determining the available power output using eq. 1, while the effect of other subsystems such as gearbox, generator, and interfacing power electronics has not been considered. where, P o and P r are rotor output power and rated power of the wind turbine, respectively. v ciw , v rw , and v cow are cut-in, rated, and cut-out wind speed, respectively, and the parameters A, B, and C are the functions of cut-in, rated and cut-out wind speed.
Moreover, these approaches determine available power only at the output of the WT rotor without considering the role of the other sub-systems. Reliability evaluation is carried out only for interfacing power electronics sub-system to compare performances of small (1.5kW) wind generation system is presented in [28] . Furthermore, such reliability assessment of the interfacing power electronics subsystem is carried out for a single operating point such as at the rated wind speed condition. However, operating conditions of a wind generation system normally vary between cut-in to cut-out wind speed due to the stochastic behaviour of the wind speed. Hence, reliability evaluation of generating power by wind generation system is important to carry out considering the stochastic variation of wind speed as well as the impact of stochastic wind behaviour on different sub-systems in a wind generation system. Such considerations are important to achieve better reliability estimation to ensure reliable power supply by the microgrid system.
The reliability of power generation by a microgrid system consisting of wind generation, hydro generation, and storage unit is evaluated and presented. The case study microgrid system is located at Fermeuse, Newfoundland, Canada. The reliability model of the microgrid system is developed using the concept of reliability block diagram. The reliability modeling of the wind generation system is developed using wind speed data modeling. In addition, the reliability models of the sub-systems in the wind generation unit are developed based on the failure rate of the wind data using wind data modeling. Finally, the models are implemented using Monte Carlo simulation in Matlab environment. The results from this study indicate that:
a. The proposed microgrid system is able to provide reliable power to an isolated microgrid with a minimum number of wind power generation unit (only one) with a reliability of 0.94. b. However, maximizing the use of wind generation unit (as the number increases) improves the microgrid system reliability to provide reliable power to the isolated microgrid. c. Due to the lack of sufficient wind, the integration of pumped hydro storage increases the microgrid system reliability to ensure reliable power supply to the isolated microgrid system.
Micro-grid System Reliability
The one-line diagram of the case study microgrid system shown in Fig. 2 consists of a HGU, a WPGS or a Wind Farm (WF), and two load areas represented as P L1 and P L2 . HGU and WPGS are apart from each other by a TL1 (20.12) km transmission line.
Microgrid System Reliability (MSR) is a measurement of the system overall ability to produce and supply electrical power. Such measurement indicates the adequacy of power generation and supply by a microgrid system for a given combination of DG units in the system as well as the sub-systems contained in a DG unit. In order to evaluate reliability of the system shown in Fig. 2 , the combination of DG units and the sub-systems contained in a DG unit can be presented by the concept of Reliability Block Diagram (RBD) [29] . Fig. 3 shows the RBD of the case study microgrid system. It is worth mentioning that the concentration in this study is given to evaluate the reliability of generating and supplying power by the microgrid system, hence only DG units are considered. The simplified RBD of the microgrid system is presented in Fig. 4 , where all DG units are connected in parallel.
However, the RBD of the microgrid system at different operational modes is shown in Fig. 5 . Moreover, in order to estimate reliability of a DG unit, the various sub-systems in a DG unit can also be represented by the RBD. The RBD of a wind generator system is shown in Fig. 6 , which consists of WT or WT rotor, gearbox, generator and power electronics interfacing circuitry. In this study, HGU and utility grid are assumed highly reliable generation sources. The reliability assessment of a Storage Unit (SU) is beyond the scope this paper, however, the reliability level of the SU is assumed for the sake of reliability calculation of the isolated microgrid system without WPGS ( Fig. 5(c) ).
Reliability Modelling
Monte Carlo simulation treats the occurrence of failures as a random event, which mimic the wind speed distribution [30] . For example, in a time series wind data, some of the wind data are not sufficient to produce power, which can be considered as, failure events and the events occur randomly. In addition, this research focuses to assess the reliability of generating and supplying power of the microgrid system while the wind speed is considered as the main uncertainty in the system. Thus, Monte Carlo simulation based reliability assessment for the microgrid system is considered in this paper.
Wind speed data modelling
The relation between wind speed and a WT rotor power output is expressed as [31] 3 0.5 ( , )
where, A SA is the swept area covered by the turbine rotor, C p is the power coefficient, v w is the wind velocity, β is the pitch angle of rotor blades, λ is the tip speed ratio, ρ is the air density. For a given WT, A SA , C p , β, λ, and ρ are constant. The relation in eq. 2 can be expressed as
Since wind speed is the main factor that creates uncertainty at the power output of a WECS system, wind speed is considered here as the key factor to estimate the MSR. In order to relate wind speed effects in reliability estimation, wind speed field data modeling is essential because the data itself varies not only from site to site but also varies according to the hub heights of the wind turbine. Wind speed data modeling for a wind turbine system includes:
a. Identifying best-fit distribution for one-year wind field data b. Evaluating the goodness-of-fit test c. Estimating the distribution parameters a) Identification of best-fit distribution: Probability plots method is used to identify the best-fit distribution of the available wind data for a given site and for a given wind turbine hub height [29] . The following steps are taken to accomplish the fitting of the wind data to a distribution:  Obtain one-year wind speed data from the site measurement  Scale the wind data according to the hub height of the wind turbine using eq. 4
where, h 1 and h 2 are the height of anemometer and hub, respectively, v w1 and v w2 are the wind velocity at anemometer height and at the hub height, respectively, and α is the shear exponent that is expressed as
where, Z 0 is the surface roughness.  Use Matlab Distribution Fitting Tool to obtain probability plot of the scaled wind data  Fit the probability plot of the scaled wind data for different distributions such as normal, log-normal, exponential and Weibull.  Identify the distribution corresponding to the best fit of the probability plots.
The best-fit distribution of the site wind data is tested for the goodness-of-fit and is performed according to the statistic for MANN'S test given as follows in [29] 
c) Distribution parameters estimation: In order to determine Weibull distribution parameters, least-squares technique is used because of its accuracy to fit a straight line in a given data points [29] . In this approach, the wind speed field data are transformed to Weibull distribution to fit to a linear regression line as in eq. 7
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The values of a and b are determined from the least-squares fit using eq. 8 and eq. 9. By knowing the values a and b, the Weibull parameters are determined as follows 
where, θ ws and β ws are defined as the scale and shape parameters for wind speed field data.
Wind power generation system
According to the microgrid configuration, all nine WTs in WPGS are connected in parallel, which are shown in the simplified RBD in Fig. 4 . In order to estimate the reliability of power generation by the WPGS, single WT system is considered because all of them are identical both in terms of topology and sub-systems context. A WT system comprises of different sub-systems is shown in Fig. 6 . The different sub-systems are connected in series because failure of power generation by any sub-systems has to be considered as the WT system failure to generate power. The modeling of reliability estimation of different sub-systems in a WT system is described in the following sub-sections: 
Wind Turbine Rotor:
The wind speed field data model provides information about the shape parameter and scale factor for Weibull distribution. Such parameters are used to generate a series of random wind speed data that follows Weibull distribution. Randomly generated data are used to determine power generation by the WT using eq. 2, which represents Weibull distribution of power generation. Weibull parameters for power distribution is determined using parameter estimation technique described in Section 3.1. The Weibull parameters for power distribution are defined as θ tp and β tp . So, the reliability of generating power by the WT rotor, R tp can be expressed as exp exp
where, θ tp and β tp are defined as shape parameter and scale factor for power distribution. P ciw and P cow are the power at cut-in and cut-out wind speed, respectively. The reliability of generating power at the i th wind speed, R Pi can be expressed as
where, P i is the power for i th wind speed in between cut-in and cut-out region.
Gearbox:
Weibull parameters obtained from field data modeling is utilized to produce a set of random wind data. Such data are used to determine the wind turbine speed using eq. 16
where, wt  is the wind turbine speed, t R is the turbine radius, respectively. The wind turbine speed is also the speed seen by the gearbox low speed shaft. Speed seen by the gearbox can be represented as Weibull distribution of speed. Such distribution is utilized to estimate shape parameter and scale factor for reliability model of gearbox. 
where, ω wt,s is the starting speed of the wind turbine, θ gb and gb  are the shape parameter and scale factor for speed seen by the gearbox, and ω wt,m is the maximum operating speed of the wind turbine.
The reliability at the i th speed seen by the gear box, R gb,wti can be estimated 
Generator:
In order to account the effect of wind speed in estimating the reliability of generating power by the wind generator, the estimation of Weibull parameters using field data are used. Such parameters are utilized to generate a set of random wind speed data. Power generated by the WT is then determined using eq. 2. However, the power at the generator output depends on the gearbox efficiency and various losses in the generator. Efficiency of the gearbox (0.95) and generator (0.95) is considered as 90 percent, which is observed from the system modeling and simulation. The power at the generator output can be determined as 90 percent of the power at the turbine output. Thus, a power distribution at the generator output can be obtained, which also follows Weibull. Such power distribution at the generator output is used to estimate Weibull distribution parameters using leastsquares parameter estimation technique. After knowing the distribution parameters of the generator output power, the reliability of generating power by the generator, R g can be evaluated as ,, exp exp
where, θ gp and gp  are considered as shape parameter and scale factor for the generator power distribution. P g,ciw and P g,cow are the generator power at the cut-in and cut-out wind speed, respectively. The reliability of generating power P g,i of the generator, R P g,i can be expressed as where, P g,i is the generator power at the i th wind speed in between cut-in and cut-out region.
Power Electronics Interfacing System:
Interfacing Power Electronics (IPE) system in a doubly fed induction generator based WT consists of back-to-back pulse width modulated (PWM) converter as shown in Fig. 7 . The components in the IPE system are diodes, IGBT switches and a DC bus capacitor. The reliability model of such a system can be developed based on the relationship between the lifetime and failure rate of the components in the system.
The lifetime of the components are determined considering junction temperature as a co-variate [28] . The junction temperature, Tj of a semiconductor device can be calculated as [32] . where, P l , T a , R ja are the power loss of a component, the ambient temperature, and the junction resistance, respectively. Reliability model of a power conditioning system for a small (1.5 kW) wind energy conversion system is developed by considering power loss only at a rated wind speed operating condition [28] . However, it is to be noted that power losses in the semiconductor components vary according to the wind speed variation at the wind turbine input. Thus, a power loss variation in the semiconductor components is important to consider as a stress factor to calculate the lifetime of the components instead of using power loss quantity for a single operating condition. Hence, the eq. 21 can be expressed as
where, M is the modulation index (0≤M≤1), Imo maximum output current of the inverter, n is the number of semiconductor components, VF0 and Rd are the diode threshold voltage and resistance, respectively. fs is the switching frequency, Esr is the rated switching loss energy given for the commutation voltage and (27) Total power losses of switches, P tl,IGBT in the IPE system can be expressed as the sum of the conduction loss, P cl,IGBT for total number of diodes and the switching loss, P sl,IGBT for total number of switches in the system, and can be expressed as   
where V CEO 
where L o is the quantitative normal life measurement (assumed to be 10
, where K is the Boltzmann's constant (=8.6 ×10 -5 eV/K), E A is the activation energy (= 0.2 eV) for typical semiconductor components [29] . ∆Tji is the variation in junction temperature for the i th wind speed and can be expressed as
The failure rate of a component for i th wind speed can be defined as
Using eq. 31, a distribution of failure rates for a set of wind speed data for a semiconductor component can be generated. The components in the IPE system are considered in series connection from reliability point of view, because the IPE system fails, if any one of components fails in the IPE system. Thus, the failure rates for different components are added to determine the failure rate of the IPE system for i th wind speed. Hence, a distribution of failure rates for the IPE system can be generated for a series of wind speed data. A least-squares technique is then used to determine the distribution parameters. By knowing the distribution parameters, the reliability of the IPE system, RIPE can be modeled as exp exp
where, IPE  and IPE  are defined as shape parameter and scale factor for the failure rate distribution of the IPE system. ciw  and cow  are failure rates of IPE system at cut-in and cut-out wind speed, respectively.
The reliability of a component in IPE system, RIPEC can be expressed as exp exp The reliability of a WT system, Rwts can now be expressed as
In WPGS, all nine WTs are connected in parallel with identical configuration. Hence, the reliability of the WPGS, RWPGS can be expressed as
where, N is the number of WT system in a WPGS.
Micro-grid reliability model
Fig . 4 shows the simplified RBD of the microgrid system, where all DG units are connected in parallel. As SU is not always generating power in the microgrid system, it is to be considered in the reliability model in case of generating unit only. Assuming the reliability of the HGU as R HGU and utility grid as R UG , the overall microgrid system reliability, RMSR can be modeled as
However, the microgrid system operates in three different modes, which are shown in Fig. 5 . The MSR can also be modeled according to their operating modes. Fig. 5(a) can be written as
Implementation of the Microgrid Reliability Model
In order to implement the developed MSR model to evaluate power generation reliability of the proposed microgrid system, Monte Carlo simulation is performed using Matlab. The flow diagram of implementing the reliability model of wind generation system is shown in Fig. 8 . The detail of the flow diagram is explained in steps 1-5. The model of the MSR and the reliability evaluation of various operating modes of the proposed microgrid are implemented using Matlab code according to the flow chart shown in Fig. 9 . The detail of the flow chart is explained in steps 6-7. STEP 1: Wind speed field data model  Field data collection and distribution identification using probability plots  Goodness-of-fit test for selecting the distribution of wind speed  Calculate the distribution parameter using eq. 12 and 13  Generate a series of random data as the input for next steps of the reliability flow diagram Fig. 8 . Flow diagram for reliability calculation of wind generation sub-systems.
STEP 2: Reliability of power generation by WT rotor  WT rotor output power distribution generation  Parameter estimation for WT rotor power distribution  Reliability calculation using eq. 14 STEP 3: Reliability of gearbox  Determine speed distribution seen by the gearbox  Speed distribution parameter calculation using least-squares technique  Reliability calculation using eq. 17 STEP 4: Reliability of generator  Generator output power distribution generation  Distribution parameter determination using least-squares technique  Reliability evaluation of generator output power using eq. 19 STEP 5: Reliability of interfacing power electronics  Power loss calculation of diodes and IGBTs in the IPE system using eq. 25 and 28  Failure rate distributions generation for diodes and IGBT switches  Estimate parameter of failure rate distribution of IPE system  Calculate reliability using eq. 32 STEP 6: Reliability of DG units  Reliability calculation of a WT system using eq. 34  Determine reliability of WPGS using eq. 35  Assume reliability for HGU and SU STEP 7: Reliability of micro-grid system  MSR calculation using eq. 36, 37, 38 and 39 for various operational modes Fig. 9 . Flow chart for calculating the microgrid system reliability.
Simulation Results
The reliability model and its implementation procedure described in the preceding sections are performed to determine probability distribution parameters as well as the reliability of the various subsystems in the wind generation system for stochastically varying wind speed condition. Such reliability estimation is then utilized to determine MSR in various operating modes of the microgrid. The power generation wind speed region of the selected turbine is v ciw = 4 m/s and v cow = 25 m/s. The reliability of HGU and utility grid are assumed as 85 percent, since they are assumed as highly reliable power generation sources. The reliability of storage unit is assumed to be same as the IPE system (= 0.8144), because the storage units are commonly interfaced through power electronics inverter system. The IGBT module and diode parameters for loss calculation are obtained from [28] . One-year wind speed data is used for the field data modeling process. Assume that three WT systems can be connected to the isolated microgrid system due to the stability issue. Fig. 10 . Wind speed field data. Fig. 10 shows the hourly wind speed field data collected over one-year period. Such data is utilized to identify the distribution using probability plot technique. The probability plots of wind speed field data are shown in Fig. 11 . It can be seen from Fig. 11 that the probability of wind speed follows Weibull and Rayleigh distributions closely; however, the Weibull distribution follows the probability of wind speed closer than the Rayleigh distribution. Thus, the Weibull distribution is identified as the best-fit distribution for wind speed data in this study. In order to select Weibull distribution, a goodness-of-fit test is also carried out and the probability density function of Weibull distribution is shown in Fig. 12 . A least-squares method is followed to estimate the Weibull distribution parameter, which is shown in Fig. 13 . The shape parameter for wind speed, ws  = 1.92 and the scale parameter, ws  =13.1. These parameters are used to generate random wind speed data for reliability evaluation of different sub-systems in a wind turbine system. The results of reliability calculation for different subsystems in a wind generation system are presented in Table 1 . The results reveal that the reliability of generating power by wind turbine rotor is 0.9068, while the reliability of gearbox and generator are 0.9107 and 0.9266, respectively. However, the reliability of generating power for IPE sub-system is only 0.8144. These results indicate that the IPE subsystem in a variable speed wind generator system is less reliable than the other sub-systems. Table 2 presents the reliability results of DG units such as WT system, WPGS, HGU, SU and utility grid. The reliability of a WT system and a WPGS is calculated based on the model derived in this study, however, the reliability of HGU, SU and utility grid are assumed. The overall reliability of a wind turbine system is 0.6232. Since nine WT systems are connected in parallel in the WPGS, the calculated reliability of WPGS is significantly high. Reliability estimation results of the microgrid system during various operational modes are presented in Table 3 . The MSR during grid connected mode is higher than the other operational modes because during this mode all DG units are operating. Moreover, this mode has two generation sources which are assumed as highly reliable in power generation and supply. On the other hand, MSR during isolated microgrid with WPGS varies depending on the number of WT system operating in the WPGS. It is worth mentioning that in an isolated microgrid system, all WT system in WPGS does not operate because of the stability issue. For example, all WT systems in WPGS are consumed reactive power from the utility grid during grid connected mode, however, in an isolated mode there is no such reactive power generation source to provide sufficient reactive power for all nine WT systems. Thus, the reliability calculation is carried out for different number of WT systems in the WPGS and the various reliability indexes are found. However, it is important to note that the minimum reliability index is found 0.94, which is a very good number. Moreover, the reliability level during this mode of operation (Fig. 5(b) ) can also be increased by adding more number of generation sources within the maximum number of constraint (maximum number of WT system). The reliability of microgrid system without WPGS is calculated as 0.97, which is higher than that of microgrid system with WPGS. It is because of the combination of generation sources in this mode of operation (Fig. 5(c) ) are highly reliable than the generation source (such as WT) in the WPGS. The results of the reliability evaluation show that the proposed microgrid system has the significant ability to generate sufficient power to ensure the reliable power supply in all operating modes. Such reliability indexes are trustworthy that a microgrid system consists of renewable energy sources such as wind-hydro-storage can generate and supply reliable power.
Conclusions
Reliability evaluation of generating and supplying reliable power by a microgrid system comprising of variable speed wind generator units is investigated in this paper. This investigation is carried out on a case study microgrid system located at Fermeuse, Newfoundland, Canada. The mathematical model of microgrid system reliability is developed based on Reliability Block Diagram (RBD) concept. In addition, the reliability model of various sub-systems in a variable-speed wind generator unit is developed considering the impact of stochastically varying wind speed. The developed microgrid system reliability model is implemented through Monte Carlo simulation using Matlab coding. The reliability results obtained through simulation are presented and discussed. The reliability performance of generating and supplying reliable power by the case study microgrid system during its various operational modes are found 0.99 (grid-connected mode), 0.99 (isolated microgrid with WPGS), 0.99 (isolated microgrid without WPGS). This implies that the case study microgrid has the ability to generate and supply power to the loads in microgrid domain with high reliability. Such reliability is achieved due to maximizing the use of renewable power that is coming from wind generation system as well as storage unit. In addition, this reliability evaluation approach can be applied to assess reliability of the microgrid system containing other intermittent energy sources such as solar.
